The combined use of an artificial pacemaker and the insertion of a myocardial electrode has been described and demonstrated to be an effective method of controlling the heart rate at low voltages and low current amplitudes when complete heart block is present. The cardiac output and mean aortic pressures of dogs have been restored to preblock levels through the application of electric stimuli applied directly to the myocardium. Xo complications from insertion or removal of the wire in the heart wall were observed. The heart rates of 18 patients with surgically induced complete atrioventrieular dissociation have been successfully managed by the method described with an important reduction in the mortality associated with this complication of open heart surgery.
The combined use of an artificial pacemaker and the insertion of a myocardial electrode has been described and demonstrated to be an effective method of controlling the heart rate at low voltages and low current amplitudes when complete heart block is present. The cardiac output and mean aortic pressures of dogs have been restored to preblock levels through the application of electric stimuli applied directly to the myocardium. Xo complications from insertion or removal of the wire in the heart wall were observed. The heart rates of 18 patients with surgically induced complete atrioventrieular dissociation have been successfully managed by the method described with an important reduction in the mortality associated with this complication of open heart surgery.
O NE of the serious complications of reparative surgical procedures involving the atrial and ventricular septa has been the occurrence of complete atrioventrieular dissociation or heart block. These patients often die of low output failure when the heart rate falls sufficiently to make the cardiac output inadequate to meet the needs of the body in the immediate postoperative period. Any method which can provide an increase in the heart rate for a sustained period is likely to be effective therapeutically. Drugs, particularly isoproterenol (isopropylarterenol, Isuprel), 1 have been helpful; however, the response of an individual patient to this medication often has not been predictable nor consistent so that therapeutic failures remained common. through external electrodes. 2 ' 8 This method is excellent in theory, but from a practical standpoint many problems were encountered such as difficulty in keeping the electrodes in place, painful skeletal muscle contractions, burns, and in children particularly, severe apprehension. The patients' intolerance to these discomforting side effects over the prolonged period of stimulation often necessary in surgical patients made it impossible to use this method in practice and the mortality of surgically induced complete heart block remained high. The present study was undertaken in an attempt to overcome some of these problems.
METHODS
Experimental Development. The basis for this investigation was the fact that direct electric stimulation of the animal heart for investigational or teaching purposes has been a standard procedure in physiology laboratories for many years. Complete heart block was produced in 50 adult dogs. A fine insulated wire was placed at various positions in the ventricular septum or in the wall of the right or left ventricle and connected to an electric pacemaker modified to give low amplitudes of current. The electric circuit was completed by placing a flat indifferent electrode approximately 1 to 2 cm. in diameter on or under the skin approximately over the left ventricle. The results of direct ventricular stimulation at these various sites and current strengths were observed and compared. Complete control of the ventricular rate was achieved with low currents which appeared to be imperceptible to the unanesthetized animals.
Detailed physiologic studies were performed on the last 13 animals.
Production of Heart Block. The technic of production of heart block by a ligature around the bundle of His described by Tnufic, Bashour, and Lewis* was utilized. Mongrel dogs weighing 10.7 to 23.3 Kg. were anesthetized with sodium thiopenthal. The thorax was entered through the bed of the right fifth rib. In preparation for a temporary period of complete cardiac inflow occlusion umbilical tapes were placed around the superior and inferior venae cavae and the azygos vein was ligated with a single 3-0 silk ligature. The pericardium was opened parallel to and 1 eni. anterior to the right phrenic nerve. The cavae were then occluded and the right atrium was opened and a single 3-0 silk suture was inserted across the annulas of the tricuspid valve. This suture was placed in a cephalo-caudal direction 1.0 to 1.5 cm. anterior to the coronary sinus. The needle was inserted through the septal leaflet of the valve 3 mm. inferior to the annulus so that the most superior part of the ventricular septum and the right and left bundle branches in this area were incorporated in the suture. The point of the needle emerged from the interatrial septum approximately 4 mm. superior to the atrioventricular junction ( fig. 1 ). This single mattress stitch was then tied crushing the conduction tissue. The occluding tape around the superior vena cava was quickly loosened and the atrium allowed to fill with blood displacing air. The edges of the atriotomy were then approximated with a noncrushing clamp, and the incision was closed with a continuous 4-0 silk suture. The chest was closed in layers with interrupted and continuous 2-0 silk sutures. A single rubber thoracotomy tube was left in place for 6 to S hours to evacuate retained air or blood.
When a complete heart block was obtained the heart rate would usually decrease immediately; however, occasional multiple ventricular extrasystoles or ventricular tachycardia would follow the tightening of the suture. These abnormal patterns would last 1 or 2 min., then they would be succeeded by the slow rate of the dissociated atrioventricular rhythm. The average period of inflow stasis necessary was 30 to 45 sec, and the longest 90 sec.
Myocardial Electrode and Method of Stimulation. A silver plated copper wire," 0.009 to 0.011 inch in diameter was wedged on a surgical needle of convenient diameter. The wire was then implanted into any convenient area of the anterior wall of the right ventricle and the needle cut off. The segment of the wire placed within the myocardium was free of insulation and was anchored *Phelan Manufacturing Co., Minneapolis, Minn.
Fio. 1. Tlio position of tho ligature to produce complete heart block. Tlio coronary sinus and septal leaflet of the tricuspid valve aro visualized by temporarily occluding both cavae and opening the right atrium. Tho ligature is placed across the tricuspid annulus anterior to the coronary sinus and tied encompassing both right and left bundle branches.
in place by two encompassing fine silk (4.0) stitches as illustrated in figure 2 . The remainder of the wire was insulated by passing through a polyethylene or Teflon" tube of appropriate size and brought out through the chest wall and fixed to the skin with a fine silk suture. Removal of the myocardial wire by traction following the studies was performed easily and was not aceorn-*Has the advantage over polyethylene of being heat sterilizable.
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Insulated, wire brought out through chest waull FIG. 2. The method of implanting the myocardial electrode, consisting of a flue silver plated copper wire, into the right ventricular wall utilizing a swedged ou needle. The needle is then cut off and fixation is by two fine silk stitches. Insulation has been achieved by threading the wire through appropriately sized polyethylene or Teflon tubing.
kg
panied by any detectable complications. Some wires were left in place for as long as 21 days at which time the animals were sacrificed and a necropsy disclosed minimal reaction about the site where the wires had been inserted. During the preliminary studies, a similar wire was inserted into the ventricular septum of 4 animals by means of a short number 18 spinal needle. This septal wiring was abandoned when it was observed that no advantages were obtained over the more convenient right ventricular site. Insertion of a similar electrode into various sites in the right and left atria was completely ineffective in controlling the ventricular rate of these blocked animals.
A Grass Model S-4A Physiologic Stimulator was used as the pacemaker. This instrument allows for variations in frequency, duration, phase, voltage, and polarity of the stimulus. It produces a square wavf> with a rise time of 10 /xsec.; an impulse of 2 msec, duration was used. The negative electrode was fastened to the wire attached to the myocardium and the positive electrode, to the skin or subcutaneous electrode placed near the apex beat. Reversal of the polarity usually required a greater current amplitude to produce stimulation. Complete control of the heart was obtained in these animals and under these condi- 
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Flo. 3. Upper tracing, the systemic pulse pressure; middle, mean aortic pressure; electrocardiogram lower, for a typical animal studied before and during complete heart block. The effectiveness of the pacemaker stimulation through the myocardial electrode in raising the mean systemic pressures is shown. Note, there was no further improvement in the aortic blood pressure in this animal with ventricular rates faster than 90/min. Pressure in mm. Hg. tions with voltages of 0.8 to 9.0 V. (average 2.25) which is equivalent to a current of less than 5 to 45 ma. (average about 18 ma.). The frequency which was associated with the highest mean systemic pressure was selected as the rate dnring which cardiac outputs were determined in 8 animals. Cardiac outputs were determined at different rates of stimulations in 5 animals.
Physiologic Studies.
Detailed physiologic studies were carried out in 13 animals to measure accurately the effects upon circulatory dynamics. Blood pressures, cardiac outputs, and electrocardiograms were determined prior to thoracotomy, after the block had been produced and during stimulation of the ventricles at various rates.
For these observations a cardiac catheter was introduced into the left femoral vein and advanced into the right ventricle. A number 50 polyethylene catheter was introduced into the aorta through the left femoral artery. These catheters were connected to a Statham pressure transducer and the pressures were recorded on a Sanborn Polyviso. Cardiac outputs were determined by the dye dilution method of Hamilton. 11 Aortic pressures and cardiac outputs were repeated about 1 hour after the production of complete block. The blood lost by the animal during the procedure and during cardiac output determinations was replaced with whole blood transfusions. All measurements were made on the nnimals with their chests closed.
RESULTS
The insertion of a fine silver plated copper wire into the right ventricular myocardium was found to be technically feasible. Corn-case may be obtained by multiplying the voltage X 5.
plete control of the cardiac rate was obtained in animals with surgically produced complete heart block by the application of repeated stimuli of low amplitudes averaging less than 18 ma. (2 V.).
There were no instances of ventricular escape or ventricular fibrillation. The electrode was easily removed when desired by simple traction. In the unanesthetized animals undergoing chronic stimulation there was no evidence whatsoever of any sensation associated with stimulation and this fact has subsequently been confirmed by the clinical series.
The results of the production of traumatic heart block and its subsequent control upon the electrocardiogram and systemic blood pressure in a typical animal is portrayed graphically in figure 3. The individual data for each of the animals studied are summarized in table 1 and the mean values of cardiac output for the 5 animals studied at various rates of stimulation are diagramatically represented in figure 4 .
Mean Aortic Pressure. The control mean aortic pressures ranged from 85 to 200 mm. Hg. After a complete heart block was produced the mean systemic pressure decreased to 65 to 130 mm. Hg or from 52 to 96 per cent (mean 70 per cent) of the control values. Maximum values for mean aortic pressures during stimulation were achieved with frequencies of 90 to 160 impulses/min. The (table 1) . After the production of block the systolic pressures often remained at the same values as those observed before block ( fig. 3 ) but the mean pressure fell due to a lowered diastolie value. With pacemaker stimulation the diastolie pressures increased significantly with a subsequent return of the pulse pressure to the normal range.
Cardiac Output. The average cardiac output diminished to 55 per cent of preblock values after complete heart block had been produced. The outputs varied from a low of 72 per cent to a maximum of 167 per cent of the control values during stimulation. A frequency of 90 per minute more closely approximated the control output in spite of the fact that the control rates were usually much higher ( fig. 4 ).
DISCUSSION
Complete control of the cardiac rate was obtained easily and no fibrillation or "escape" from stimulation was observed in the animals studied. As Starzl, Gaertner, and "Webb" found, the ventricles readily gave up their automaticity to the pacemaker so completely that when the stimulating impulse was terminated several seconds would elapse before the ventricles would again resume their idioventricular rhythm.
The cardiac rate of one animal was controlled by the pacemaker for 24 hours and it was not necessary to increase the voltage to maintain control of the heart during this interval. Two and five-tenths volts were necessary to control the heart of one animal during the acute physiologic studies; the myocardial electrode was left in place and 3 weeks later the heart rate of this animal was controlled with 4.0 V.
Clinical Experience. Since the first clinical use on January 30, 1957, this method has been employed in 18 patients with complete atrioventricular block sustained at the time of surgical repair of septal defects. The voltage output of the pacemaker required for these patients was between 1.5 and 4.5 V. (less than 13.5 to 40.5 ma.). One patient's heart was stimulated for 21 consecutive days before pacemaker support could be safely discontinued. No detectable sensations, contractions of skeletal muscle, burns, infections, or other complications from removal of the wire were observed in this group of patients.
In this series of 18 patients, only one death occurred as a consequence of acute surgically induced complete atrioventricular block. In this child, cardiac arrest occurred when the indifferent electrode placed cutaneously became dislodged. The heart was started by pressing the electrode onto the skin as soon as the source of the difficulty was appreciated; however, irreversible neurologic damage had occurred during the arrest interval and death resulted 6 hours later from this complication. Henceforth, the indifferent electrode had been implanted subcutaneously over the apex of the left ventricle, and this complication has not recurred.
Prior to the use of the pacemaker stimulation with a myocardial electrode, our best accomplishments in the treatment of heart block (utilizing isoprotereuol) had resulted in a reduction of mortality due to heart block to about 50 per cent during the postoperative interval. Death in all of these eases was due to an inadequate cardiac output. Thus, the use of the myocardial electrode has brought about a remarkable reduction in this previously high mortality and morbidity from com-plete heart block, and has been the single most important factor in reducing the overall mortality of the intracardiac repair of septal defects to its present low levels. 7 
SUMMARY
The combined use of an artificial pacemaker and a myocardial wire electrode has been demonstrated to be an effective method of controlling the heart rate at low voltages and low current amplitudes, and for prolonged intervals when complete heart block is present. The cardiac output and mean aortic pressures of dogs have been restored to preblock levels through the application of repetitive electric stimuli applied to the ventricular myocardium. No complications from insertion or removal of the wire in the myocardium were observed.
The heart rates of 18 patients with complete heart block following closure of septal defects have been controlled succesfully with the method described. This effective control of postsurgical heart block has been the single most important contribution to the rapidly decreasing mortality of open heart surgery. ACKNOWLEDGMENT We gratefully acknowledge the helpful suggestions of Dr. John A. Johnson, Associate Professor, Department of Physiology, University of Minnesota, in the initiation of this study.
SuMMARIO IN INTERLINGUA
Le uso combinate de un pacemaker artificial e un electrodo myocardial de filo metallic se ha provate efficace como methodo pro le regulation del frequentia cardiac a basse voltages e basse amplitudes del currente in le presentia de complete bloco cardiac. La rendimento cardiac e le pressiones aortic medie in canes ha essite restaurate al nivellos presente ante le disveloppamento del bloco, simplemente per le application de repetite stimulos electric al myocardio ventricular. Nulle eomplicationes esseva observate in consequentia del insertion o extraction del filio metallic in o ab le rnyocardio.
Le frequentias cardiac de 18 patientes con bloco complete post clausura de defectors septal esseva regulate con bon suceesso per medio del methodo describite. Iste efficace neutralisation de bloco cardiac post-operatori ha essite per se le plus importante contribution al rapide diminution del mortalitate in cliirurgia cardiac aperte.
